The article proposed a general research scheme of heat transfer process in multilayer constructions for three basic geometric forms in order to simulate fire distribution. The scheme is based on linear differential equations, the Fourier method and the modified method of Eigen functions. The work considers five different layers' design and does not take into account internal heat sources. In this regard, a one-parameter family of boundary problems were solved. The authors simulated heat transfer for the Cartesian, cylindrical and spherical coordinates. Structures comprised several materials each having thermal properties varying with temperature.
Introduction
Multi-layer structures, in particular composite materials, are very spread because of additional advantage of combining physical, mechanical, thermal and diffusional properties of different materials. These materials are used in civil, automotive, shipbuilding, aerospace, biomedical, power, chemical, nuclear industries and microelectronics, including design and development of buildings, pipelines, heat exchangers, multilayer insulators, fluid reservoirs, pressure vessels, filters, composite membranes, automotive, ship and aerospace components, nuclear reactors, etc (Gay 2015 , Kumar 2017 . There are numerous papers based on twodimensional thin-layer models and contain analytical and numerical estimates of thermoelastic equilibrium of bodies with layer coatings under the influence of distributed and local thermal and mechanical loading (Yasniy 2017; Yasniy 2013; Shevchuk 2013; Shevchuk 2017) . Temperature stresses in bodies with surface inhomogeneities were investigated in papers by Beck (1984) , Bulavin (1965) , Giere (1965) , Hagn (2012) . Temperature effect on properties and destruction for energy equipment materials is studied by Kolesov (1992) , and Malanchuk (2017) .
The subject of the proposed herein article is the heat transfer and diffusion in multilayer structures. This way, a proper understanding of the internal thermal processes in the laminate structures is of paramount importance for preventing their thermal destruction, for controlling directional heat transfer through them, for analysing of thermal stresses and deformation, etc.
Therefore, it is important to have efficient procedures for heat flow and temperature distribution calculating inside multiple layers. An analytical method or numerical simulations are the most spread approaches to get the mentioned above procedures.
Practically, precise analytical solutions (if they are available) may be very mathematically complicated, and this way numerical methods like FDM (Özişik 2017) , FEM (Gosz 2017) , or BEM (Aliabadi 2002) become increasingly popular because of modern numerical computation and continuous improvement of computer technologies.
However, the analytical methods have some advantages compared to numerical ones: 1) They offer more reliable results and are numerically more efficient;
2) Precise analytical solutions give a deeper physical insight of the studied process than discrete numerical solutions, and show how the thermal behaviour of a multi-layer structure depends on parameters of layers;
3) Precise analytical solutions can be used within verification and comparison of various numerical methods. These methods are well described in the classic books (Hahn 2012 , Lykov 1967 and have been used by many researchers for stationary and non-stationary temperature fields in multi-layer non-uniform structures. They are the orthogonal and quasi-orthogonal expansion technique (Tittle 1965 , Bulavin 1965 ), Green's function approach (Siegel 1999 , Haji-Sheikh 2002 , Laplace transform method (Giere 1965 , Lu 2013 , Fourier transform method (Kayhani 2012 ), a finite integral transform (Singh 2011) , a method of separation of variables and eigen function expansion (Norouzi 2016) , for instance.
The solution of heat transfer problem in multilayer structures was obtained for the Cartesian (Tittle 1965 , Salt 1963 , Mikhailov 2017 , Beck 1984 , Siegel 1999 , de Monte 2002 , cylindrical (Kayhani 2012 , Norouzi 2016 ) and spherical coordinate system (Bulavin 1965 , Salt 1963 . From the viewpoint of partial differential equations, majority of the approaches are based on the variable separation or integral transformations. Their core is determination of eigenvalues of the corresponding boundary eigenvalue problem. However, this problem is not of traditional type because of discontinuous coefficients due to piecewise-homogeneous bodies.
To solve the problem, researchers use an effective technique, which is based on the concept of quasi-derivatives, well known in the modern theory of ordinary differential systems. The researchers (Lu 2005 , Li 2012 ) combined this technique with the method of variable separation to construct a mixed problem solution of a mixed problem for the heat equation with piecewisecontinuous coefficients depending on the spatial coordinate over a finite interval. The aforementioned approach has the advantages to avoid the original finding procedure, which is the most difficult stage of integral transformation methods (Lykov 1967) .
The obtained results can be used, for example, in heat transfer study for a multilayer plate and hollow cylinder under conditions of perfect thermal contact between layers. This idea has already been implemented in the works of Tatsiy (2011) and Semerak (2015) . This way, there was the problem of this scheme unification for multilayer structures of any canonical form.
There are many papers devoted to analytical methods of non-stationary temperature field calculation in layered non-uniform structures. In particular, the methods of the Laplace, Fourier and Green functions have been being applied up to now to the multilayer structures (Semerak 2015 , Arsenin 1974 ). Tikhonov (1997 proposed and substantiated a scheme of a mixed problem solution for heat equation with piecewise continuous coefficients depending on a finite interval spatial coordinate. The scheme was based on the reduction method, quasi-derivative concept, and modern theory of linear differential equation systems, Fourier method and modified method of eigen functions.
Statement of the problem and its mathematical formulation
A multilayer construction (in Cartesian, cylindrical or spherical coordinate systems) is considered. Its area is limited by surfaces 0 rr  . and n rr  , and is divided into n layers.
Each layer is made of isotropic material and has its coefficient of thermal conductivity  , specific heat capacity с and density  . Temperature initial distribution function   r  was specified depending on the coordinate r and time τ. There is a convective heat exchange with the environment on the outer surfaces, that is, the third kind boundary conditions are met.
The general form of the thermal conductivity differential equations y in Cartesian, cylindrical, and spherical coordinate systems (equations (1), (2) and (3) respectively) are [1, 2]:
The only difference of these equations is the l r multiplier if l=0, l=1 and l=2. So, the equation (1) -(3) are combined into a one-parameter family of differential equations:
n particular, particular, if l = 0 is a multilayered flat construction; if l = 1 is multilayer hollow cylinder; if l = 2 is a multilayer hollow ball.
The third kind boundary conditions for the equation (4) are:
and initial condition: 
The problem (4) -(6) solution is considered as the sum of two functions (the reduction method), according to Ropyak L. Ya., Shatskyi I. P., Makoviichuk M. V.:
Any function   , ur or   , vr can be chosen in a special way, so another one is determined unambiguously.
  , ur function selection and the mixed task
The function   , ur is defined as a solution (quasistationary) of the boundary value problem:
Where τparameter.
The boundary conditions (9) can be rewritten as:
ll ll n n n n n n n r u r u r r r u r u r r
Based on the (7) projection, the equation (4) is rewritten as:
is the solution of the problems (8), (10), and considering
in the (11), we receive a non-uniform differential equation for the
As far as the function   , ur meets the boundary conditions (10), the projection (7) defines the boundary conditions for the function   13) and the initial condition is the following:
Consequently, the function   , vr is the solution of the mixed problem (12) -(14), if only   , ur function is defined as the (8), (10) problem solution.
The (8), (10) boundary problem solving
The quasi-derivative concept [4, 8] is used for the problem (8) (8) is reduced to an equivalent system of 1-st order differential equations:
The boundary conditions (10) are presented in the vector form: 
Ur which is absolutely continuous on the interval   0 , n rr , and fits the this system almost everywhere (the only exception is, perhaps, the function rupture points ( ), ( ), ( ) c r r r  ).
The system (15) is: 
The structure (19) (8), (10)); and its quasi-derivative is the second coordinate [1] () 
Fourier method and task for eigenvalues
We search non-trivial partial solutions of the homogeneous differential equation: 
where parameter,   Rrunknown function. The follow quasi-differential equation was obtained by substituting the right-hand side of (27) in (26):
with boundary conditions:
The problem (28) Rr  are exhaustively studied and described in detail, for example, in [9].
Structural construction of own functions
We introduce the following notation:
Then the quasi-differential equation (28) is reduced to the system of equivalent first order differential equations:
The corresponding system on the interval   1 , ii rr  is:
As it was mentioned above, absolutely continuous vector-function   , Rr is the solution of the system (30), which corresponds to the conditions of the ideal thermal contact between the layers.
The Cauchy matrix   , ,, il B r s  of the system (31) is: 
The necessary and sufficient conditions for a nonzero vector C in (37) are:
We can define the form of the left (characteristic) equation (38), considering the formulas (17) 
As it is known [9], the roots of the characteristic equation 
which is equivalent to the system of equations 0 0 1 2 11 21 1 12 22 2 0,
As far as the system determinant is equal to zero, then system (40) 
Development of a mixed problem (8), (9), (10) solution
The Eigen function method [10] was used to solve the problem (12) -(14). It means the problem (12) -(14) is solved as
where   k T   unknown functions that we will define later.
As far as u    is included into the right-hand side of equation (12), we will develop it in the Fourier series by its Eigen functions (43) of the boundary problems (28) -(29), and the variable  is a parameter.
Substituting (49) into (12) and after transformations we obtain an infinite set of equations
The general solution of the differential equation (50) Taking into account (25) and (55), we obtain the solution (7) of the problem (4) -(6)
Numerical implementation of the method (model example)
As a numerical example, we consider a construction that consists of five different layers. There is a convection heat exchange with the environment on its surfaces. It is necessary to determine the distribution of the non-stationary temperature field of the five-layer structure (for Cartesian, cylindrical and spherical coordinate systems), if, on the one hand, the temperature changes according to the law of the standard fire temperature regime (Buketov A V, Dolgov NA, Sapronov A A et al.) . At the initial time, temperature is constant 0 20 C . The thermophysical characteristics of the materials and the laws of temperature change are given in Table 1 .
Option
Layer 1 We have obtained non-stationary temperature field problem solution for the five-layer construction for different coordinate systems by the proposed method. 
Conclusions
This paper proposes a heat transfer scheme for multilayer constructions of various geometric forms. The authors obtained a non-stationary temperature field problem solution for the five-layer construction for different coordinate systems by the proposed method. The boundary conditions of the third kind are considered to make it clearer. The proposed scheme makes other boundary condition consideration easy. The work does not take into account internal heat sources to avoid calculation complications, which can divert attention from the main idea of the proposed approach. The method makes possible application of other external surface temperature changing relations. The presented examples use only the standard temperature mode of fire to show the proposed method application. The obtained analytical solution is modelled as a pseudocode and implemented on a specific numerical example. 
